Peripheral inflammation induces transmigration of interleukin (IL)-1b-expressing neutrophils to the brain. We investigated the possibility that this presents a new route of immune-to-brain communication by assessing their role in sickness behaviors relevant for mood disorders. Mice treated with lipopolysaccharide (LPS) developed despair-like behavior, and administration of an antipolymorphonuclear antibody abolished LPS-induced despair-like and asocial behaviors, which correlated with the levels of IL-1b expression in the brain. These behavioral changes were directly mediated by the energy-regulating hormone, leptin. Increasing the concentration of endogenous leptin during obesity exacerbated, whereas its neutralization using a specific antiserum attenuated sickness behaviors and importantly the neutrophil transmigrating process. Our results indicate a role for peripheral neutrophils in conveying inflammatory signals to the brain, which appears to be dependent on the energy status of the organism. This constitutes a novel mechanism of immune-to-brain communication relevant to mood disorders.
INTRODUCTION
Chronic inflammation and the associated display of brain-regulated sickness behaviors have been implicated in the etiology of a number of psychiatric illnesses. [1] [2] [3] It is of critical importance then to identify those processes that contribute to the maintenance of the inflammatory response in the brain. Here we present data to suggest that leptin-regulated neutrophil transmigration to the brain, following an acute inflammatory challenge, 4 represents a novel mode of immune-to-brain communication. This may contribute to a sustained neuro-inflammatory response and the ensuing prolonged display of chronic depression-like sickness behaviors.
Several lines of evidence support a link between inflammation and the etiology of mood disorders, including similarities between sickness-type behavioral responses and symptoms of depression (that is, weakness, malaise, listlessness, inability to concentrate, lethargy, decreased interest in immediate environment and reduced appetite).
1,2 Indeed, sickness-type behaviors are recapitulated by acute administration of the Gram-negative bacterial cell wall product lipopolysaccharide (LPS) 5 and reversed by chronic antidepressant treatment before the administration of the inflammatory challenge. 6 There are also similarities in the underlying mechanisms leading to both, namely, the involvement of cytokines such as interleukin (IL)-1b, IL-6 and tumor necrosis factor (TNF)-a. The circulating levels of these mediators increase significantly following acute infection and have a critical role in relaying the inflammatory signal from the periphery to the brain and the subsequent activation of brain mechanisms regulating sickness-type behavioral responses. 3, 7, 8 saline (IP, 4 ml kg À 1 ). 4 For the time course experiment, mice underwent behavioral testing at either 24, 48, 72, 96 or 120 h after treatment and were killed immediately after each time point (n ¼ 4-11/group). Saline-treated mice were tested and killed at the same time points and pooled into one group (n ¼ 2-3 per time point, final n ¼ 13).
Neutropenia was induced with a rabbit anti-polymorphonuclear (aPMN) antibody (Accurate Chemical and Scientific Corporation, Westbury, NY, USA) at 2 mg kg À 1 and injected 0 and 24 h after saline or LPS treatment; normal rabbit serum (NRS) was used as control (Accurate Chemical and Scientific Corporation, 2 mg kg À 1 ). Leptin was neutralized using sheep anti-mouse leptin antiserum (LAS; S4159, NIBSC, Potters Bar, UK) and normal sheep serum (NSS; NIBSC) was used as control (both IP at 25 ml kg -1 , 0 and 24 h after LPS or saline treatment 4, 9 ). Mice in diet-induced obesity (DIO) were fed with a high-fat diet (HFD) for 5-6 weeks (TD.06414 Adjusted Calories Diet 60/Fat, Harlan Laboratories). Control mice were fed with a low-fat diet (LFD; TD.06416 Adjusted Calories Diet 10/Fat, Harlan Laboratories). After reaching criterion weight (15% difference between HFD and LFD), mice were treated with LPS or saline as described above. In all cases, behavioral testing was conducted 48 h after treatment and mice were killed immediately afterwards (15-25 min after the 48 h time point).
A cohort of HFD-and LFD-fed mice was used to test for leptin resistance, for which they received an injection of either NSS or LAS (25 ml kg -1 ) and food intake was monitored for 24 h. To measure food intake, animals were habituated to eat powdered food from a jar for 7 days before the test for leptin resistance. Food jars were weighed before and 24 h after serum injection and intake was calculated by subtracting the 24 h jar weight from the one before antiserum injection and correcting for caloric content of the diet. Another cohort of HFD-and LFD-fed mice was treated with LPS (2.5 mgkg À 1 ) and given NSS or LAS as described above (25 ml kg -1 , 0 and 24 h after LPS) and killed 48 h later to measure neutrophils by fluorescenceactivated cell sorting (FACS).
Behavioral testing
Locomotor activity was measured for 5 min 48 h after saline or LPS injection (AccuScan Instruments, Columbus, OH, USA) and was expressed as distance travelled (cm); in the time course experiment the time points 24, 72, 96 and 120 h after injection were also determined. After, mice were brought to a different room and tested for either forced swim test (FST) or social interaction.
For the FST, mice were placed individually into glass cylinders (height: 50 cm, diameter: 10 cm) containing water up to a 40-cm mark (at 23-25 1C) for 6 min. A mouse was judged to be immobile when it floated in an upright position, and made only small movements to keep its head above water. The duration of immobility was recorded during the last 4 min of the testing period.
For the social interaction test, subject mice were introduced into a neutral cage (translucid Plexiglas box, 30 Â 30 Â 45 cm 3 ) and allowed to explore freely for 5 min to habituate. Afterwards, an unfamiliar naïve mouse was introduced to the cage. The time spent in close contact (indicative of social interaction) was registered. Close contact is defined as close huddling, sniffing (nose-to-nose, anogenital sniffing) or allogrooming by the subject mouse.
After behavioral testing, animals were killed by terminal anesthesia (pentobarbital; IP, 70 mg kg -1 ) and blood samples were collected by cardiac puncture. Mice were then transcardially perfused with ice-cold saline with 5 IU ml À 1 of heparin to flush-out any remaining blood from the brain. The brains were quickly removed and used for FACS or frozen in powdered dry ice and kept at À 80 1C until analysis. In experiments where the diet was manipulated, interscapular and epididymal fat pads were dissected and weighed.
FACS
Saline-perfused brains were collected and dissociated into single-cell suspensions by passage through a 70-mm pore-size cell strainer (BD Biosciences Pharmingen, San Diego, CA, USA). 10 After centrifugation with 37% Percoll (GE Healthcare Life Science, Baie d'Urfé, QC, Canada), cells were resuspended in buffer containing rat anti-mouse CD16/CD32 (eBiosciences, San Diego, CA, USA) to block nonspecific antibody binding. Cells were then incubated with the following monoclonal antibodies: PE-Cy7-conjugated anti-CD45 (1:1250, eBiosciences), FITC-conjugated anti-CD14 (1:100, eBiosciences), PE-conjugated anti-F4/80 (1:320, eBiosciences) and eFlour 450-conjugated anti-Gr1 (1:1300; eBiosciences). In a subset of experiments, additional intracellular staining was performed. For this purpose, surfacestained cells were permeabilized using a 10% saponin solution; then APC-conjugated anti-pro-IL-1b or anti-TNF-a (both at 1:333, eBiosciences) were used. Staining was analyzed using a FACScalibur apparatus (BD Biosciences, Mississauga, ON, Canada) and FlowJo software (Tree Star Inc., Ashland, OR, USA).
Neutrophil isolation
From naïve anesthetized mice (pentobarbital, IP, 70 mg kg À 1 ), both femurs were removed and bone marrow was flushed out with 3 ml of RPMI-1640 medium using a 21-G needle. The collected cells were centrifuged and incubated in red blood cells lysis buffer (eBiosciences) at room temperature for 5 min. Lysis reaction was stopped with Hank's balanced salt solution, and cells were run through a 70-mm cell strainer. For brain neutrophil isolation, saline-perfused brains from LPS-treated mice were dissociated as before by passage through a 70-mm pore-size cell strainer and then centrifuged in 37% Percoll. Ly6G þ neutrophils from either bone marrow or brain preparations were immunomagnetically separated following the manufacturer's protocol (Miltenyi Biotec, Cambridge, MA, USA).
Immunocytochemistry
Bone marrow and brain transmigrated neutrophils (isolated as for FACS) were plated on 15 mm diameter poly-L-lysine-coated coverslips in 24 well plates. After, cells were fixed in 4% paraformaldehyde for 20 min at room temperature. Fixed cells were washed in 0.1 M phosphate-buffered saline (PBS), and permeabilized in 0.2% Triton X-100 in PBS. To minimize background and nonspecific binding, slides were incubated with 5% normal donkey serum for 1 h at room temperature. Anti-pro-IL-1b (Abcam, Cambridge, MA, USA) and Ly6B (AbDSerotec, Cedarlane Laboratories Limited, Burlington, ON, Canada) antibodies were diluted in 3% normal donkey serum in PBS to 1:100 and 1:500, respectively, and then incubated overnight at 4 1C. After, cells were washed 3 Â in PBS for 10 min and incubated with Alexa 488-or Cy3-conjugated secondary antibodies (1:200, Jackson ImmunoResearch Laboratory, West Grove, PA, USA) diluted in 3% normal donkey serum, 0.2% Triton X-100 in PBS for 1 h at room temperature. After incubation, cells were washed 3 Â in PBS and mounted with vectashield h-1000 mounting medium with 4',6-diamidino-2-phenylindole (Vector Laboratory, Burlington, ON, Canada).
Confocal microscopy
Fluorescent images were observed on a LSM 710 inverted confocal microscope (Carl Zeiss, Toronto, ON, Canada) equipped with multiline argon and helium-neon lasers using the 488 and 543 nm lines to excite Alexa 488 and Cy3, respectively. The confocal settings were as follows: pinhole 1 airy unit, scan speed 5 frames/s unidirectional, format 512 Â 512 pixels. The confocal images were collected with simultaneous excitation under the spectral unmixing setting using ZEN software (Carl Zeiss).
Reverse transcription-PCR
Total RNA from whole brain or hypothalamic micropunches was extracted using TRIzol (Invitrogen, Burlington, ON, Canada) according to the manufacturer's instructions. Following reverse transcription, quantitative reverse transcription-PCR was carried out in duplicate using pre-optimized primer/probe mixture (TaqMan Gene Expression Assays; Applied Biosystems, Burlington, ON, Canada) and TaqMan universal PCR master mix (Applied Biosystems) on 7500 Real-Time PCR System (Applied Biosystems). The cDNA quantities between different reactions were normalized by using a ribosomal RNA 18S (4352930E, Applied Biosystems) as a reference. The sample values represent X-fold differences from a control group (given a designated value of 1) within the same experiment. The assay ID for each gene is as follows: IL-1b (Mm00434228_m1), ICAM-1 (Mm00516024_g1), KC (Mm01354329_g1) and SOCS3 (Mm01249143-g1).
Hematology and serum leptin A small sample of whole blood (100 ml) was collected into EDTA-coated tubes. Samples were analyzed using an automated hematology analyzer and a manual Differential Leukocyte Count at the Diagnostics and Research Support Services of the Animal Resources Centre at McGill University.
Serum leptin was measured using a commercial kit for mouse leptin from Millipore (Billerica, MA, USA) with an intra-assay variability of less than 2%. The detection limit of the assay is 0.05 ng ml À 1 .
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Statistical analysis
All data are presented as mean values±s.e.m. Data were analyzed using a one-way analysis of variance followed by a LSD multiple comparisons post hoc test. Pearson's correlation coefficient was used for several data sets in the time-course experiment and analysis of variance was used to determine whether the slope of correlation curve was significantly different from 0. An unpaired two-tailed Student's t-test was used to compare fat pad weight between LFD and HFD mice. P-values less than 0.05 were deemed significant.
RESULTS
We first characterized the time course of LPS-induced neutrophil invasion of the brain and its relation to components of the response to infection, namely, despair-like behavior (increased immobility in the FST), 11 hypolocomotion and body weight loss. Despair-like behavior was increased 24 and 48 h after LPS administration, and returned to control levels by 72 h (F (5, 43) To directly investigate the contribution of invading neutrophils to LPS-induced depression-like behavior, neutropenia was induced using an aPMN antibody. 12 This treatment effectively reduced the surge of circulating neutrophils following LPS administration (F (3, 16) Figure 4C) and completely inhibited the LPS-induced increase in despair-like behavior (F (3,31) ¼ 4.33, Po0.05, LPS-NRS vs LPS-aPMN Po0.05; Figure 1h ).We then determined whether neutropenia would also affect inflammation-induced decrease in social interaction, 6 ,13 a behavioral alteration also relevant for mood disorders. Indeed, LPS induced a decrease in social interaction (F (3, 24) ¼ 3.53, saline-NRS vs LPS-NRS Po0.05; Figure 1i ), which was prevented by the neutropenia-inducing treatment (LPS-NRS vs LPS-aPMN Po0.05; Figure 1i ); in contrast, aPMN treatment did not affect LPS-induced hypolocomotion (F (3,31) ¼ 5.19, Po0.05, LPS-NRS vs LPS-aPMN P40.05; Figure 1j ).
Neutrophils can alter neural physiology or induce brain damage via multiple mechanisms, including degranulation, phagocytosis, production of reactive oxygen species, as well as release of chromatin nets. [14] [15] [16] However, it has become increasingly recognized that PMN cells express and release a multitude of cytokines, including TNF-a and IL-1b. 15, 17 These cytokines, especially IL-1b, 8, [18] [19] [20] [21] [22] have been extensively studied for their ability to induce depression-like behavioral alterations when acting on the brain, 23, 24 and their production is increased in patients with major depressive disorders. 23, 25, 26 Previously, we observed that in leptin (ob/ob) or leptin receptor (db/db)-deficient and -starved wild-type mice, reduced leptin signaling resulted in impaired LPS-induced IL-1b mRNA expression, which recovered after leptin administration to ob/ob and starved mice. 4 We thus examined whether neutrophils, including those entering the brain, express pro-IL-1b. Pro-IL-1b immunoreactivity was detected in neutrophils isolated from the brain of LPS-treated mice (Figure 2a ) as well as in naïve bone marrow neutrophils (Figure 2b) , although subcellular distribution appeared to differ, with signals being stronger in the nucleus vs cytoplasm of brain-transmigrated neutrophils and bone marrow neutrophils, respectively (Figure 2b) . We also noted that the brain-invading neutrophils tended to aggregate more upon isolation, as has been previously reported for neutrophils invading the central nervous system. 16 We verified the presence of pro-IL-1b in neutrophils by FACS, and found that 25-42% of the brain-invading neutrophils were positive for pro-IL-1b. These results prompted us to investigate the overall contribution of neutrophils to brain IL-1b expression by treatments that inhibit LPS-induced neutrophil invasion, that is, neutropenia and leptin neutralization using a specific LAS. 4 Among CD45 þ cells of the brain (Figure 2c ), including Figure 2d ). We have previously demonstrated that leptin is a critical mediator of neutrophil transmigration to the brain during peripheral inflammation and that its neutralization decreases IL1b expression in the central nervous system. 4 We thus evaluated whether neutralization of endogenous leptin could also affect inflammation-induced despair-like and asocial behaviors. First we confirmed that LAS administration completely eliminated detection of circulating leptin levels (Figure 3a) , and inhibited induction of brain suppressor of cytokine signaling 3 (Socs3) mRNA, a marker of the Janus kinase/signal transducer and activator of transcription (JAK/STAT3) pathway 9 that can be activated by leptin (F (3,13) ¼ 49.86, Po0.001; LPS-NSS vs LPS-LAS, Po0.05; Figure 3b ). Leptin neutralization increased the body weight of control and LPStreated mice (F (3, 46) ¼ 80.09, Po0.001; Sal-NSS vs Sal-LAS or LPS-NSS vs LPS-LAS, Po0.05; Supplementary Figure 5A ) as expected, thus confirming the decrease in the biological activity of leptin. As previously reported, 4 LAS administration inhibited LPS-induced neutrophil transmigration to the brain (F (3, 33) ¼ 11.232, Po0.001, LPS-NSS vs LPS-LAS, Po0.05; Figures 3c and d) , without affecting circulating levels of these cells (Supplementary Figure 5B) .
We have reported previously that leptin controls the expression of chemokines and adhesion molecules involved in the induction of neutrophil transmigration to the brain. 4, 9 We thus analyzed the possibility that leptin may also regulate the LPS receptor Toll-like receptor 4 (Tlr4) mRNA in the brain, as these receptors have been shown to be involved in the recruitment of neutrophils to the central nervous system. 27, 28 We found that Tlr4 mRNA expression was significantly increased by LPS (F (3, 20) ¼ 7.96, P ¼ 0.001, Sal-NSS vs LPS-NSS, Po0.05; Supplementary Figure 5C ), and that importantly, this effect was leptin dependent (LPS-NSS vs LPS-LAS Po0.05), similar to Icam1 and Kc mRNAs. 4, 9 We then analyzed the effect of leptin neutralization on sickness behaviors and found that LPS-induced despair-like behavior in the FST was completely prevented by leptin neutralization (F (3, 46) ¼ 5.42, P ¼ 0.003, LPS-NSS vs LPS-LAS Po0.05, Figure 3e ). LPS-induced decrease in social behavior (F (3, 40) ¼ 3.86, P ¼ 0.003; Figure 3f ) also reverted to control levels following leptin neutralization (LPS-NSS vs LPS-LAS Po0.05, Figure 3f ), without affecting locomotion (F (3, 46) ¼ 6.84, P ¼ 0.001; LPS-NSS vs LPS-LAS P40.05; Figure 3g ).
Systemic leptin levels correlate with adiposity and are thus elevated in overweight and obese individuals. 29, 30 Obesity, in turn, has been identified as a risk factor for several mood disorders, including major depression. 31 Having determined that leptin is required for the induction of LPS-induced depression-like behaviors, along with transmigration of IL-1b-expressing neutrophils to the brain, we sought to determine whether LPS administration to obese mice would result in exacerbated neutrophil transmigration and subsequent sickness behaviors. We focused on a model of DIO, and to avoid the development of leptin resistance, 29 mice were placed on a HFD for a relatively short period of time (5-6 weeks) after which they exhibited a B15% increase in body weight and a fourfold increase in fat pad weight (t (78) ¼ 9.25, Po0.001; Supplementary Figures 6A and B) compared with lean mice. Obese mice were also hyperleptinemic (F (3, 33) ¼ 12.20, Po0.001; saline-lean vs saline-obese Po0.05), which was exacerbated by LPS administration (saline-obese vs LPS-obese Po0.05; Supplementary Figure 6D) . We confirmed that the obese mice were indeed sensitive to leptin levels in the circulation, by measuring food intake after neutralization of the hormone using LAS, and found that mice presented an increase in food intake (F (3,16) ¼ 9.19, Po0.001; NSS-obese vs LAS-obese Po0.01) similar to that induced in lean animals (LAS-lean vs LAS-obese P40.05; Supplementary Figure 6C ). Inflammation caused a greater neutrophil infiltration into the brain of obese mice (F (3,18) Figure 4a ), indicating that the enhanced effect on neutrophil transmigration was due to elevated levels of this hormone. In addition, induction of Icam1 (F (3,18) ¼ 15.6, Po0.05, LPS-lean vs LPS-obese Po0.05; Supplementary Figure 7A ) and Tlr4 mRNAs (F (3,22) ¼ 10.76, Po0.001, LPS-lean vs LPS-obese Po0.05; Supplementary Figure 7B) by LPS was exacerbated in obese mice (Supplementary Figures 7A and B) , supporting our hypothesis that this is a leptin-regulated process.
Finally, LPS treatment of obese mice resulted in a greater inflammation-induced despair (F (3,36) ¼ 6.14, P ¼ 0.002; LPS-lean vs LPS-obese Po0.05; Figure 4c ) and a greater reduction in social interaction (F (3,32) ¼ 16.02, Po0.001; LPS-lean vs LPS-obese Po0.05; Figure 4d ), whereas LPS-induced hypolocomotion did not differ between the two conditions (F (3,35) ¼ 33.94, Po0.001, LPS-lean vs LPS-obese P40.05; Supplementary Figure 6F) .
DISCUSSION
In the present study, we demonstrated that neutrophils transmigrating to the intact brain represent a novel route of immune to brain communication, linked to the induction and/or maintenance of depression-like behaviors developed during severe systemic inflammation (Figure 1 ). Although it has been suggested previously that brain-invading leukocytes constitute a route of communication between the periphery and the central nervous system during inflammatory challenges, [32] [33] [34] our study represents the first direct evidence to support this hypothesis. This effect is associated with delivery of IL-1b to the brain by neutrophils (Figure 2) . Importantly, we established that the energy status of the organism, reflected by leptin levels, is critically linked to the severity of the response as displayed by the degree of sickness behavior triggered by the inflammatory challenge (Figures 3 and 4) .
Inflammation-induced depression-like behaviors have been shown to depend on mechanisms that are seemingly different from those linked to sickness-type behaviors such as reduced locomotion. 5, 34, 35 In the present study, we found that despair-like and asocial behaviors were dependent on transmigrating neutrophils, whereas LPS-induced hypolocomotion was largely spared, not only by neutropenia (Figure 1j ), but also by treatments that modulated leptin levels (LAS and DIO; Figures 3g and Supplementary 6F, respectively), suggesting an important parallel between our study and those implicating the kynurenine pathway. 5, 34, 35 We also found that these effects were transient and returned to control level within 3 days after the inflammatory treatment ( Figure 1) ; however, it is possible that repeated exposure to severe inflammatory stimuli may trigger longer-lasting sequelae, especially in susceptible individuals, like those with obesity.
Microglia are thought to contribute to the development of sickness-type behaviors. 2, 7, 36 In our model, we did not detect any correlation between the brain's CD45-F4/80-CD14-positive cells and the time of immobility in the FST (Supplementary Figure 2G) . Furthermore, we observed that when manipulating either neutrophils or leptin levels, the increase in the number of these cells was not affected, whereas the despair and asocial behaviors were completely attenuated. These data indirectly suggest a minimal involvement of microglial-like cell in development of depression-like behavior during inflammation. Furthermore, the regulation of the microglial-like cell appears to be independent of leptin and neutrophils. In this regard, other inflammatory factors have been shown to induce long-lasting stimulation 37 and even proliferation 38, 39 of microglia/macrophages. Our observation that brain-invading neutrophils express IL-1b provides a feasible mechanism through which these neutrophils contribute to the prolonged display of sickness behaviors induced by an acute challenge. Intriguingly, a large proportion of the immunocytochemical signal for IL-1b in neutrophils (Figure 2 ) was localized in the nuclei of these cells. Although surprising, previous studies on microglia have demonstrated that IL-1b and IL-1a localize to the cell nucleus. 40 For IL-1a, this represents a mechanism engaged in necrotic cells to reduce sterile inflammation. 41 It is possible that nuclear retention of IL-1b in neutrophils may limit the damage caused by the release of this and other cytokines following neutrophil death. However, upon release, IL-1b can mediate acute and chronic sickness type behaviors 18, 19, 42 and depression 8, [20] [21] [22] through multiple pathways: IL-1b can affect mood state by upregulation of indoleamine 2,3-dioxygenase, which is involved in tryptophan metabolism and generation of L-kynurenine. 5, 20 When further metabolized, L-kynurenine generates quinolinic acid, a N-methyl-D-aspartic acid receptor agonist involved in the generation of depression-like behaviors. 35 In addition, this cytokine can affect serotoninergic and norepinephrinergic neurotransmission [43] [44] [45] [46] [47] and the hypothalamic-pituitary-adrenal axis, the over activation of which is thought to be central to the development of mood disorders. 34 Other than being a source of brain IL-1b at relatively late time points after immune stimulation, neutrophils have been shown to express a wide range of other cytokines, including IL-6, IL-7, IL-17, IL-18, interferon-a (IFN-a), IFNg, TNF, chemokines 15, 48 and even indoleamine 2,3-dioxygenase, 49 which can potentially contribute to the induction of despair and asocial behaviors. Other mechanisms, including release of reactive oxygen species, phagocytosis and release of chromatin nets can also be involved in these effects. [14] [15] [16] Chronic administration of leptin has been shown to have antidepressant-like effects in models of chronic-unpredicted stress, 50-52 DIO 53 and diabetes. 54 Some of these effects are mediated through regulation of hippocampal neurogenesis. 50, 55 This effect appears to be in contraposition to our results, where leptin is required for LPS-induced depression-like behaviors. One likely explanation for this apparent discrepancy may stem from the diverse cellular targets of leptin. Our previous report indicates that during inflammation, leptin acts on non-neuronal brain cells, especially on barrier structures (ependymal and meningeal cells and along distinct blood vessels throughout the brain), where the long form of its receptor is expressed 56 and, it controls expression of adhesion molecules (intracellular adhesion molecule 1, ICAM1), chemokines (keratinocyte chemoattractant, KC, and macrophage inflammatory protein 2, MIP-2) 4,9 and Tlr4 mRNA expression. In addition, leptin can have an activating and anti-apoptotic effect on neutrophils, [57] [58] [59] [60] [61] another potential mechanism of induction of brain neutrophilia during peripheral LPS inflammation. These targets are clearly distinct from the neuronal progenitors that are thought to underlie the antidepressant effects of leptin following chronic stress exposure. 50, 55 In fact, in our model of severe inflammation, the depression-like behavioral phenotype is induced by brain-invading neutrophils, downstream of leptin, as evidenced by the inhibition of LPS-induced behavioral effects by neutropenia (Figure 1 ) without affecting upstream leptin-induced signaling in the brain (Supplementary Figure 8) . It is therefore possible that leptin has a nuanced role in the induction of depression-like behaviors, depending on its cellular targets and the specific physiological conditions of the organism.
Epidemiological evidence suggests that leptin may mediate a correlation between body mass and mood disorders like major depression. 31, 62 Although leptin resistance may be involved in the etiology of mood disorders via defective hippocampal neurogenesis, 29, 30, 53 overweight and obesity are also characterized by the development of a basal inflammatory state and an exacerbated response to inflammatory stimuli (that is, Figure 4 and Pohl et al. 63 ). In our obesity model, LPS treatment resulted in exacerbated brain neutrophil transmigration and despair and asocial behaviors when leptin resistance was not yet established. This suggests that hyperleptinemia may interact with inflammation to produce a greater risk for depression-like behaviors, likely through brain-invading neutrophils, in high-risk individuals.
In summary, we identified a novel mechanism that controls the induction of sickness behaviors, relevant for mood disorders, during peripheral inflammation. This involves the activation of leptin signaling on the brain barrier structures, 4, 9 leading to the transmigration of IL-1b-expressing leukocyte to the uninjured brain, which in turn propagate the inflammatory signal and induction of depression-like behaviors. Moreover, the activation of this axis is exacerbated during obesity and may be involved in the prolonged sequelae of inflammation in these individuals.
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